Introduction
Gap junctions are specialized regions of cell-to-cell contact at which hexameric oligomers, called connexons, dock end-to-end noncovalently across a narrow extracellular gap. Hundreds to thousands of channels cluster in so-called plaques, and the individual channels allow exchange of nutrients, metabolites, ions, and small molecules of up to 1000 Da [1] . Coupling by gap junctions is a fundamental mechanism for cell-to-cell communication in higher organisms. More than 20 connexin isoforms have been identified to date in deuterostomes, from sea urchins to humans [2, 3] .
Each connexon, or hemichannel, is an annular assembly of six individual connexins that forms a pore through the plasma membrane. The different connexin isoforms can interact structurally in various ways. Connexons may be homomeric or heteromeric, and junctional channels may be formed by connexons having the same or different compositions. The expression of multiple connexins in the same cell type, the multiplicity of isoforms, as well as their different structural combinations, probably provides exquisite 'functional tuning' of this unique family of membrane channels.
The primary tools for structure analysis of gap junction channels include electron microscopy and image analysis [4] [5] [6] [7] [8] 9 ], X-ray diffraction [10] [11] [12] , nuclear magnetic resonance (NMR) spectroscopy [13 ,14,15] and atomic force microscopy (AFM) [16,17 ,18 ] . Mutagenic, biochemical, and electrophysiological approaches have also been used to elucidate the structure-function relationships of gap junction channels. This review focuses on recent studies that illuminate the structure of connexin channels, drawing on maps derived by electron cryo-crystallography and on structurally focused mutagenesis and electrophysiological studies. The reader is also referred to reviews by Yeager and Nicholson [19] , Harris [20] , Sosinsky and Nicholson [21] , and Kovacs et al. [22] .
The connexon contains a ring of 24 a-helices
Hydropathy and topological analyses of various connexins suggest that each contains four transmembrane domains, referred to as M1, M2, M3, and M4, proceeding from the Nterminus to the C-terminus [23] . Connecting the transmembrane domains are two extracellular loops (E1, connecting M1-M2 and E2, connecting M3 to M4) and one cytoplasmic M2-M3 loop. Both the N-termini and C-termini reside in the cytoplasm [23] [24] [25] . The transmembrane domains and the extracellular loops display the highest conservation in sequence [26, 27] . The most variable domains, both in length and sequence, are the cytoplasmic C-terminal domain and the cytoplasmic loop connecting M2 to M3.
The general higher-order structure of gap junction channels was first revealed by electron cryomicroscopy (cryoEM) and image analysis of two-dimensional crystals at 19 Å resolution [4] . Two-dimensional projection maps at 7 Å resolution revealed superimposed a-helices that could only arise if the connexons are rotationally staggered by 308 around the sixfold symmetry axis [5] (Figure 1a ). Thereafter, a three-dimensional (3D) map at 7.5 Å in-plane resolution showed that each connexon contains 24 rod-like densities readily interpreted as transmembrane a-helices [7] (Figure 1 ). The primary sequence identity of each transmembrane helix could not be assigned at this resolution, so they were arbitrarily designated A, B, C, and D ( Figure 2 ). The map revealed that the pore of each connexon had a funnel-like shape, with the wide end on the cytoplasmic side of each bilayer. The wall of the pore at the cytoplasmic end was defined by 12 a-helices, two from each subunit (helices B and C in Figure 2 ). At the extracellular end, the pore was bounded primarily by helix C. This helix was tilted through most of the length of the pore with a distinct kink at the extracellular end where it became perpendicular to the plane of the membrane.
The resolution of the cryoEM map did not allow visualization of amino acid side chains, precluding definitive assignment of M1-M4 to specific transmembrane sequences. Nevertheless, physiological and biochemical experiments, in concert with mutagenesis, have been employed to identify pore-lining residues and segments. For connexin channels, these studies have their origins in two inferences. One inference, made by Milks et al. [23] , was that M3 is a pore-lining helix because it contains a segment in which hydrophilic residues are found at every third or fourth position. If this region were a-helical, this would provide an energetically favorable wall for an aqueous pore. The second inference, made by Harris et al. [28] from electrophysiological studies, was that the voltage-sensing regions of connexin channels were within the aqueous pore itself, rather than in a separate, voltage-sensing domain, as is the case for other voltagedependent channels [29, 30] . This means that studies of (Figure 1 Legend Continued ) connexon is in blue and the bottom one in red. Grayed areas denote parts of the structure that are most uncertain, especially the folding within the density at the boundary between the transmembrane assembly and the extracellular space. Putative b sheets corresponding to E1 (on the perimeter of the extracellular gap) are drawn with thin lines to emphasize this ambiguity. The E2 loops are depicted as an interdigitating b barrel [51] . Refer to Figures 2 and 3 in Ref. [7] for the corresponding views of the 3D density map derived by electron cryo-crystallography. The dimensions for the transmembrane helical domain and the extracellular gap are approximate. From [22] , reproduced by permission. the molecular basis of voltage sensitivity could inform studies of the pore and vice versa.
The first experiments to provide data relevant to the latter assertion were those of Verselis, Bargiello and colleagues, beginning in 1994. Their work showed that single amino acid charge changes in the ostensibly cytoplasmic, aminoterminal domain (NT) of a Cx32 variant could actually reverse the polarity of voltage that caused the channels to close [31] [32] [33] [34] . NMR spectroscopy of an NT peptide suggested that it could adopt a bent conformation allowing NT amino acids to access the cytoplasmic vestibule of the pore [35] . Studies of Cx40 [36] and Cx56 [37] also suggested that NT residues were involved in both voltage-sensing and pore properties. Interestingly, mutations at the M1/E1 border in Cx32 also affected the polarity of voltage sensitivity [31] and in Cx56 altered voltage gating [37] . These data implicate the two extramembrane segments on either end of M1 as involved in the pore, and inspired a set of domain swaps, point mutations, and studies using the substituted cysteine accessibility method (SCAM) on this and other regions.
Regions in NT, M1, E1, and/or M3 have been implicated in lining the pore Several domain swap studies showed that the single channel conductance of connexin pores is a property that can be transferred between channels by exchange of M1, particularly its second half (Cx46, Cx37, and Cx32 [38, 39] ). Other domain swap studies showed that the charge selectivity of connexin pores can be controlled by E1 (Cx46 and Cx32 [40] ), suggesting that E1 contributes to the pore wall. Point mutations in the NT produced changes in the single channel current-voltage relations consistent with electrostatic effects on the permeating ions (Cx32 [32] ). Mutations at two positions in the NT of Cx40 showed that they were essential for spermine block of these channels (the block thought to be at the cytoplasmic vestibule [36] ). Taken together, these data suggest that the NT, the second half of M1 and at least the initial part of E1 are directly involved in defining the conductance properties of connexin pores.
Involvement of the second half of M1 received experimental support from SCAM studies utilizing two types of thiol-reactive reagents, at both the macroscopic and single channel levels of analysis, carried out on single connexons. Studies using the large thiol reagent maleimidobutyryl biocytin (MBB) identified two sites of reaction in the second half of M1 (Cx46 and Cx32 [41] ). Similar studies of M3 were inconclusive because of smaller effects.
A set of methanethiosulfonate (MTS) reagents, which are much smaller than MBB, reacted very rapidly with single connexons in excised patches, at a series of sites in the second half of M1, extending up to the M1/E1 border (Cx46 [42 ] ). Modification by MTS reagents of different charge altered the single channel current-voltage relations in a manner that suggested direct electrostatic interaction with the current-carrying ions. No evidence of modification was found for sites in the second half of M3.
In contrast to these findings, measurements of macroscopic current with application of MBB to junctional Possible molecular boundaries for the connexin subunit include a helical bundle (left) and a 'checkmark' (right) (following the naming of Unger et al. [7] ). Each shows two assignments for the four transmembrane a-helices within each subunit, according to Fleishman et al. [8] (top, blue) and Skerrett et al. [43 ] (bottom, green). Dashed lines denote the extracellular loops, E1 and E2, and the solid lines denote the M2-M3 cytoplasmic loops. The a-helical rods designated A, B, C, and D in the 3D density map derived by electron cryo-crystallography [7] are also indicated. Both assignments shown designate M3 as the major pore-lining helix, but other studies suggest M1, as discussed in the text. From [22] , reproduced by permission. channels in a cut-open paired oocyte preparation implicated M3 (Cx32 [43 ] ), originally suggested to be porelining by hydropathy analysis of connexin sequences. All four transmembrane domains were tested for accessibility to MBB. A series of reactive sites separated by two to three amino acids were identified in M3. Several sites in M1 were also reactive, but they were viewed as accessible in the closed but not the open state.
The different implications for pore-lining segments would be easily resolved if one could attribute them to differences between the specific connexins studied and/ or the fact that one set of data is from single connexons and the other from junctional channels. Unfortunately, these simple explanations do not seem to apply. There are two phylogenetic groups of connexins, with Cx26 and Cx32, members of one group and Cx43 a member of the other [44, 45] . While there must be some structural differences to account for different limiting pore diameters and charge selectivities, it would be truly remarkable if the fundamental organization and packing of the transmembrane helices were different. More to the point, the transmembrane densities derived from cryoEM of the M34A mutant of Cx26 [9] are virtually identical to those derived from cryoEM of Cx43 [7] .
By the same token, there must be some differences in the pore-lining structures between unpaired connexons and connexons in junctional channels, simply by virtue of the docking interactions at the extracellular end of the connexons. Again, it would be remarkable if this resulted in wholesale differences in transmembrane packing. In fact, a host of data from measurements of unitary conductances, voltage sensitivities, pharmacological sensitivities, and other functional properties of single connexons and junctional channels suggest that this does not occur [20, 42 ] . Since the differences cannot be readily explained by the considerations above, they may arise from some combination of the differences in the thiolreactive reagents used, the different physical configurations of the experiments, and the relative reliabilities, sources of artifact and constraints inherent in the two experimental protocols. Simply put, these different experiments may be revealing different kinds of information about the channels.
In most SCAM studies, the thiol-modifying reagent is presumed to have free access to the molecule of interest. Therefore, the rate of modification is considered to be a function of the molecular accessibility of the reagent to the specific group modified. Accessibility can be a function of steric impediment (e.g. the residue is buried deep in the protein interior) and/or a function of the structural states occupied by the target molecule during exposure to the reagent (e.g. how much time a channel is in an open versus closed state). Thus, if a channel is open 90% of the time during incubation with an MTS reagent, one would expect the positions most 'accessible' (i.e. most rapidly modified) to MTS modification to be those exposed to the pore lumen when the channel is open, as opposed to those uniquely exposed when closed.
These considerations raise two potential concerns about the SCAM data from the paired oocytes. One is the long time (20 min) of exposure to MBB. It is unclear how much of this time was required for diffusion of the large MBB reagent to the junctional molecules through residual oocyte cytoplasmic components. If the delay of action can be thus accounted for, it is not a concern. However, if it takes minutes for modification after reaching the junctions, there is concern that the reactive sites are not sufficiently accessible for the results to be specific for exposed (i.e. pore-lining) residues. The other concern is about the relatively small change in macroscopic currents as a result of modification. On a single channel level, one expects that modification of Cx32 with MBB within the pore will substantially decrease unitary conductance (it decreases Cx46 conductance 80% [46] ). However, the effects on the currents in the oocyte system were much smaller (15-20%) . This can mean that either the modification is occurring far enough outside the pore that the MBB only slightly occludes it, or that only a small fraction of the channels are being modified, as if a large fraction of the channels are inaccessible to the reagent. While each of these concerns may be satisfactorily explained, at present they remain unresolved, and stand in contrast to the rapid and dramatic effects seen with the MTS reagents at the single channel level of resolution.
A C
a model suggests that mutations that disrupt helix-helix packing interfere with channel function Clearly, an essential challenge is to utilize the existing 3D cryoEM map and the existing mutagenesis, physiological, and amino acid sequence data to reach a consenus about which parts of which domains line the pore. The key difficulties are that the map is of necessity a snapshot of a single structural state, and it may not correspond to the dominant state probed by the mutagenesis/physiological studies. For these reasons, it is perhaps unrealistic to expect the two sets of data to be entirely reconciled; the functional state of the 3D map is uncharacterized, and the SCAM studies have their own potential ambiguities of interpretation.
With these caveats in mind, an improved cryoEM map (with in-plane resolution of 5.7 Å and vertical resolution of 19.8 Å ) was used as a basis to generate a C a model for the transmembrane domains within a connexon [8] (Figure 3) . The two most important new features of this model were proposals for the orientation and sequence identity of the transmembrane helices. For membrane proteins, evolutionarily conserved amino acids are more likely to mediate protein packing interactions, and vari-able residues are more likely to face the lipid [47] . On the basis of the relative spatial locations of conserved and variable residues within the connexin family, as well as some of the SCAM data, the primary sequence of transmembrane segments M1-M4 was assigned to the observed a-helices in the map (A = M2, B = M1, C = M3, and D = M4) (Figure 2 ). This assignment predicted that M4 was the helix on the perimeter of the connexon. Support for this inference has been provided by experiments in which M4 of Cx43 was replaced with polyalanine without interfering with gap junctional communication [48] . The relative rotation angles of the ahelices fitted into the density map were estimated by analysis of evolutionary conservation and hydrophobicity of amino acid residues. We note that although this is the most well-defined model for the transmembrane domains of gap junctions as of this writing, the conformations of the amino acid side chains remain undetermined. In addition, the a-helical rods in the cryoEM density map display curvature not reflected in the idealized C a model of Fleishman et al. [8] . With these provisos, the location of mutations causing human diseases such as nonsyndromic deafness and Charot-Marie-Tooth disease could be mapped onto the C a model (Figure 3 ). There was a surprising concentration of mutations at helix-helix interfaces, suggesting that disruption of helix packing interferes with channel function.
We note that the helical assignment in Fleishman et al. [8] differs from that deduced from the oocyte SCAM experiments [43 ] in which M1 and M2 were reversed (i.e. A = M1 and B = M2) (Figure 2) , and from that suggested by the single channel SCAM and domain swap studies, which implicate M1 as pore-lining. As discussed above, these discrepancies might be attributed to methodological differences or to possible differences in conformation, such as the latter representing an open conformation and the former a closed conformation. Another possibility is the presence of conformational flexibility or 'breathing' that would create transient solvent crevices between ahelices that would allow labeling of residues that do not line the pore.
While progress has been made regarding assignment of the a-helices, there remains ambiguity as to the exact molecular boundary of the individual monomers, because the connecting loops between helices have not been resolved. The packing of the 24 a-helices within the sixfold symmetric connexon can accommodate several possible molecular boundaries. Scrutiny of the density map and exclusion of models that require crossovers of the E1 and E2 loops suggest that the most probable molecular boundaries are a closely packed 4-helix bundle or a more loosely packed 'checkmark' arrangement [7] , shown in Figure 2 for the helical assignments of Fleishman et al. [8] (blue) and Skerrett et al. [43 ] (green). A 3D map at high resolution will be required to resolve these possibilities.
The N-terminus may form a plug that blocks Cx26 channels NMR spectroscopy of a 13-residue peptide corresponding to the N-terminal domain of Cx26 displayed a two-turn ahelix, which then unraveled into a flexible loop-like structure [35] . It was hypothesized that this short NT helix is oriented parallel to the transmembrane helices lining the entrance to the pore, thus forming part of the conduction path and contributing to the voltage dependence of the channel. Support for this model is suggested by recent cryoEM studies of the M34A mutant of Cx26 [9 ] . In contrast to previous cryoEM studies of twodimensional crystals derived from native plasma membranes [5, 7, 8] , these two-dimensional crystals were generated by reconstituting detergent-solubilized, purified, recombinant Cx26 into lipid bilayers. Surprisingly, the connexons appeared to redock during the reconstitution, thereby forming dodecameric channels (Figure 4) . A surprising and unexpected feature of the map was a plug Gap Junction Structure Yeager and Harris 525 Figure 3 A C a model (yellow ribbons) for the membrane spanning a-helices of a connexon, derived by combining the information from a computational analysis of connexin sequences, the results of a number of biochemical studies, and the constraints provided by a 3D cryoEM map (blue) [8] . While individually, none of these approaches provided high-resolution information, their sum yielded an atomic model that predicts how connexin mutations (red spheres) that result in diseases such as nonsyndromic deafness and Charcot-Marie-Tooth disease may interfere with formation of functional channels by disrupting helix-helix packing. Adapted from [8] .
of density in the cytoplasmic mouth of the pore. Several experimental conditions favored a closed conformation of Cx26 (e.g. use of the M34A mutant, low pH, aminosulfonate buffer, carbenoxolone, and high Ca 2+ and Mg 2+ ). The simplest interpretation is that the plug represents an aggregate of the NTs, suggesting a simple mechanism for pore gating. The carboxy-tail domain has been proposed to mediate low pH gating by interacting with the M2-M3 loop [49] . However, this mechanism has not been demonstrated for Cx26, and Cx26 does not contain the required C-terminal segment. Confirmation of the chemical identity of the plug requires a bona fide, high-resolution map so that the amino acids in the plug density could be identified. Alternatively, a different 3D map between Cx26 with and without the NT, even at an intermediate resolution such as 7 Å , would confirm that the plug is formed by association of NT peptides.
Conclusions
The last decade has seen impressive progress in the analysis of several classes of membrane proteins, including reaction centers, porins, ligand-gated channels, voltage-gated channels, transporters, and aquaporins [50] . By comparison, the tempo of discovery in the gap junction channel field has been slower. Possible reasons include difficulties with expression of engineered connexins with sufficient stability and quantity to allow detailed biochemical and biophysical analysis, difficulties in performing electrophysiological studies on a channel that spans two membranes, and lack of a repertoire of pharmacological agents to probe channel function. Nevertheless, recent electrophysiological, biochemical and biophysical studies, and analysis of engineered and pathological mutations, have yielded a working model for the general molecular design of gap junction channels, even if there is ambiguity in specific helix assignments. There is currently no information on amino acid side-chain conformations, which will be essential to understand the molecular basis of (1) the stability and selectivity in docking of connexons, (2) mechanisms of gating, (3) mechanisms of molecular permselectivitiy, and (4) the ability to form homomeric and heteromeric, as well as (Figure 2 ) [7] . The arrowhead and white arrows represent the plug and the inner cytoplasmic protrusions, respectively, as in the inset. From [9 ] , reproduced by permission.
homotypic and heterotypic channels. Structural data at atomic resolution are required to gain insight into these unique functional properties of gap junction channels.
